We report the crystal structure of the yeast protein Hpa2 in complex with acetyl coenzyme A (AcCoA) at 2.4 A Ê resolution and without cofactor at 2.9 A Ê resolution. Hpa2 is a member of the Gcn5-related N-acetyltransferase (GNAT) superfamily, a family of enzymes with diverse substrates including histones, other proteins, arylalkylamines and aminoglycosides. In vitro, Hpa2 is able to acetylate speci®c lysine residues of histones H3 and H4 with a preference for Lys14 of histone H3. Hpa2 forms a stable dimer in solution and forms a tetramer upon binding AcCoA. The crystal structure reveals that the Hpa2 tetramer is stabilized by base-pair interactions between the adenine moieties of the bound AcCoA molecules. These base-pairs represent a novel method of stabilizing an oligomeric protein structure. Comparison of the structure of Hpa2 with those of other GNAT superfamily members illustrates a remarkably conserved fold of the catalytic domain of the GNAT family even though members of this family share low levels of sequence homology. This comparison has allowed us to better de®ne the borders of the four sequence motifs that characterize the GNAT family, including a motif that is not discernable in histone acetyltransferases by sequence comparison alone. We discuss implications of the Hpa2 structure for the catalytic mechanism of the GNAT enzymes and the opportunity for multiple histone tail modi®cation created by the tetrameric Hpa2 structure.
Introduction
Histone acetylation has become recognized as an important factor governing gene expression via its effects on chromatin structure and assembly . In the last few years several genes encoding enzymes responsible for this modi®-cation, histone acetyltransferases (HATs) have been identi®ed and cloned including Hat1 (Kleff et al., 1995; Parthun et al., 1996; Verreault et al., 1998) , Gcn5 (Brownell et al., 1996) , P/CAF (Yang et al., 1996) , Esa1 (Clarke et al., 1999; Smith et al., 1998) , and p300/CBP (Bannister & Kouzarides, 1996; Ogryzko et al., 1996) . The activity of these enzymes varies according to how many of the core histones and which particular lysine side-chain(s) they modify, and whether or not they modify histones when bound to DNA in the context of the nucleosome. Some HATs, notably p300/CBP, are also capable of modifying non-histone substrates, which makes it possible that these enzymes in¯uence transcriptional activity via mechanisms that do not involve chromatin (Boyes et al., 1998; Gu & Roeder, 1997; Imhof et al., 1997; Waltzer & Bienz, 1998) . It is therefore important to know what the true substrates of these enzymes are in vivo and to understand how they achieve speci®city for particular lysine residues. Both Gcn5 and Esa1 have been shown to acetylate histones in vivo (Clarke et al., 1999; .
Sequence analysis has shown that many of the known or presumed HATs belong to a large family of N-acetyltransferases (NATs) called the Gcn5-related N-acetyltransferase (GNAT) superfamily (Neuwald & Landsman, 1997) . This superfamily spans all kingdoms of life and includes enzymes with diverse substrates and cellular functions. These enzymes can acetylate the N-terminal a-amino group of proteins, the e-amino group of lysine residues, aminoglycoside antibiotics, spermine/spermidine or arylalkylamines such as serotonin. There is thus considerable interest in structures of proteins from this family because of their roles in gene regulation, antibiotic resistance and hormonal regulation of circadian rhythms. The GNAT superfamily is characterized by four conserved sequence motifs (A-D) arranged in the order C-D-A-B in primary sequence. The structures of the HAT enzyme Hat1 from Saccharomyces cerevisiae (Dutnall et al., 1998) and the aminoglycoside 3-N-acetyltransferase (AAT) from Serratia marcescens (Wolf et al., 1998) provided the ®rst look at representative proteins and shed light on their relationship to the GNAT superfamily. Since then the structures of serotonin N-acetyltransferase (SNAT) (Hickman et al., 1999a,b) and of an aminoglycoside, 6
H -N-acetyltransferase (AAC6) (Wybenga-Groot et al., 1999) have added to our understanding of this protein family.
Hpa2 is a GNAT superfamily member from S. cerevisiae that is able to acetylate speci®c lysine residues of histones H3 and H4 in vitro (Lys4 and Lys14 of histone H3, Lys5 and Lys12 of histone H4), showing a preference for Lys14 of histone H3 (S.T.T. and R.S., unpublished results). Hpa2 will also autoacetylate itself in an intermolecular reaction. Deletion of the Hpa2 gene causes no obvious growth defect. Hpa2 shares a high degree of similarity with a second yeast protein, Hpa3. Remarkably, despite sharing nearly 49 % sequence identity and 81 % similarity over 156 residues, Hpa3 is barely able to acetylate histones in vitro. However, like Hpa2, Hpa3 will autoacetylate itself, demonstrating that it is nevertheless an active acetyltransferase. This presents an ideal opportunity to examine factors governing the substrate speci®city of these enzymes. Here we show that Hpa2 forms a stable dimer in solution and that in the presence of the cofactor AcCoA two dimers associate to form a tetramer. We describe the structure of the tetrameric Hpa2-AcCoA complex and compare the structure to those of other GNAT superfamily members. This has allowed us to de®ne a conserved core structural unit in the catalytic domain of the GNAT superfamily. The structure of Hpa2 represents the ®rst oligomeric structure of a GNAT superfamily member and illustrates a novel method of protein oligomer stabilization via base-pair interactions between the bound cofactor molecules. We also discuss the implications of the tetrameric Hpa2 structure for histone substrate binding.
Results and Discussion
Hpa2 is a stable dimer that forms a tetramer in the presence of acetyl CoA Several initial observations indicated that Hpa2 might form dimers or higher oligomers, including the elution pro®le during gel ®ltration chromatography. We therefore decided to examine Hpa2 by sedimentation equilibrium analysis because it is a rigorous method for determining native molecular mass and macromolecular interactions (Laue, 1995) . In the absence of AcCoA the sedimentation pro®le of Hpa2 could best be ®t by a dimer-tetramer model ®xing the molecular weight to the size of a dimer (36,406.6 Da) which yielded a K d of 203(AE10) mM (Figure 1(a) ; see also Materials and Methods).
In the presence of AcCoA the sedimentation pro®le of Hpa2 could best be ®t by a single species model yielding a molecular weight of 71,454(AE2954) Da (expected value for an Hpa2 tetramer is 72,813.2 Da) (Figure 1(b) ). Even at the lowest possible protein concentrations used, very little dimer species could be detected and we were unable to determine a dissociation constant for the tetramer. These results indicate that Hpa2 is a stable dimer in solution and that AcCoA stabilizes formation of a tetrameric Hpa2 species.
Structure determination
We solved the structure of the Hpa2-AcCoA complex using multiple wavelength anomalous diffraction (MAD) on a single crystal of selenomethionyl protein (Table 1 and Materials and Methods). Hpa2 crystallizes in the orthorhombic space group C222 1 with four Hpa2 molecules in the asymmetric unit. Each Hpa2 monomer contains three methionine residues (mass spectrometry and N-terminal sequencing revealed that the N-terminal methionine residue is absent) and all 12 selenium sites were located in Patterson maps using the program SOLVE. The solvent¯attened electron density maps were of excellent quality ( Figure 2 ) and revealed clearly interpretable density for nearly all residues of the four protein molecules. No electron density could be located for part of the N terminus of each monomer but otherwise all residues were clearly de®ned. The model includes residues 7-156 of monomer A, residues 8-156 of monomers B and C, and residues 5-156 of mono-mer D, all atoms of the four AcCoA molecules and 190 solvent molecules. It has been re®ned to 2.4 A Ê resolution with an R value of 16.8 % and free-R value of 24.4 % (Table 1) .
Independently, we have also solved the structure of Hpa2 without AcCoA using MAD (Table 2 and Materials and Methods). This model has been re®ned to a resolution of 2.9 A Ê with an R-value of 19.0 % and a free-R value of 27.3 %. The crystals also belong to space group C222 1 with similar unit cell dimensions and a single tetramer in the asymmetric unit. Overall the conformation of this tetramer is very similar to that observed in the presence of AcCoA. The difference in resolution and presence of crystal packing forces mean that caution must be used when interpreting any differences and so further discussion here will focus on the structure of the Hpa2-AcCoA complex.
Overview of the structure
In the presence of AcCoA Hpa2 forms a tetrameric structure composed of a dimer of dimers with approximate 222 point group symmetry (Figure 3 ). It can be likened to a¯attened square with overall dimensions of $85 A Ê Â 80 A Ê (Figure 3(a) ), which if viewed along one side has a dumb-bell shape varying in dimension from $40 A Ê at it widest to $10-20 A Ê at the dimer-dimer interface (Figure 3(b) ). If viewed along the other side of the square it has a more constant thickness.
Description of the structure of the Hpa2 monomer Each monomer of Hpa2 has a very similar, compact ab structure (Figures 3(c) and 4) . The RMSD for C a atoms of residues 8-156 is between 0.251 The lower panels show concentration distribution plots along with the ®tted curves assuming a dimer-tetramer equilibrium (-AcCoA) or a single species (AcCoA). The upper panels show separate plots of residual deviations. Note that in the presence of AcCoA two of the data curves (0.18 mg/ml and 0.15 mg/ml) almost coincide. and 0.390 A Ê , a value within the expected experimental coordinate error at this resolution (Luzzatti, 1952) . The core of the structure contains a central mixed ®ve-stranded sheet structure (strands b1-b5). Strands b1-b4 are arranged in an anti-parallel fashion while strands b4 and b5 interact in a parallel fashion but only at their aminoterminal ends. At the other end, they are splayed apart because of a b-bulge in strand b4 formed by residue N74 of strand b3 and N91 and D92 of strand b4. The central sheet is¯anked on each side by two a-helices. Helices a1 and a2 are on one side of the sheet with helix a1 lying almost¯at against and perpendicular to the direction of the strands, while helices a3 and a4 are on the other side with helix a3 cupped within the curved face of the sheet.
Hpa2 forms dimers via an extensive, interdigitated, and largely hydrophobic interface
The two monomers in each Hpa2 dimer (monomers A B or C D) form an extensive interface that buries approximately 2900 A Ê 2 of surface area per monomer. Most of the secondary structure elements of the monomer contribute residues involved in dimer contacts (Figure 4) . A large part of the interface is formed by two projections from the core part of the monomer structure. The ®rst projection is formed by the C-terminal end of strand b3, turn b3b4, and the N-terminal end of strand b4, while the second is formed by strand b7 (Figure 3(c) ). Together with strands b5 and b6 they form a barrel-like structure containing ten strands (Figure 3(d) ) in which the component strands of the barrel interdigitate. Most signi®cantly, strand b7 from each monomer interacts between strands b5 and b6 of the opposite monomer, which also extends the central sheet structure by two strands. The two projections also interact with residues from helices a1 and a2, turn a1a2, turn a2b2 and helices a3 and a4 of the opposite monomer. Most of the interactions between monomers, excluding the main-chain interactions formed between strands, are hydrophobic in nature although a few polar interactions are also made. a V m Matthew's coef®cient (volume of assymetric unit/molecular weight).
where hI h i is the mean of the observations I ih of re¯ection h. c R cullis AEjEj/AE j jjF I j À jF I0 jj, where E is the lack of closure. d Phasing power hjF H (calc)j/jEji, where F H (calc) is the calculated anomalous difference and E is the lack of closure. e Map correlation coef®cient was calculated between the calculated map for the ®nal re®ned model and the experimental maps before and after solvent¯attening.
f R AE(jjF p (obs)j À jF p (calc)jj)/AEjF p (obs)j. g R free R-factor for a selected subset (10 %) of the re¯ections that was not included in prior re®nement calculations.
The characteristics of the dimer interface described above, particularly the extent of the interface and the interdigitation of structural elements, make it highly unlikely that any Hpa2 protein would exist as a monomer in solution. This would account for the absence of monomer species in equilibrium sedimentation studies and the elution pro®le of Hpa2 from a gel ®ltration column.
The Hpa2 tetramer is formed by a largely polar interface between dimers which includes adenine: adenine base-pair interactions between acetyl CoA molecules Our equilibrium sedimentation analysis shows that Hpa2 forms a tetramer in the presence of AcCoA. The Hpa2-AcCoA complex structure shows that two Hpa2 dimers associate via interactions between structure elements at the C terminus of each monomer (helix a4, strands b6 and b7; Figures 3 and 4) . This interface buries approximately 800 A Ê 2 per dimer and is predominantly polar; including a cluster of salt bridges between symmetrically related residues E130 and K145 at the center of the interface. A remarkable feature of the interface is the presence of base-pair interactions between the adenine moieties at the end of each AcCoA molecule, one between the AcCoA bound by monomers A and C and the other between monomers B and D (Figures 2, 3(a) and 3(b)). However, unlike other interactions between the four monomers, these base-pairs are not symmetrical. In the AcCoA molecule bound by monomer A, the adenine adopts a syn conformation with respect to the ribose ring, whereas in the others it is in an anti conformation. Thus one basepair is an asymmetric syn-anti base-pair with hydrogen bonds between the N6 and N1 of one adenine (syn) and the N6 and N7 of the other, while the other is a symmetrical anti-anti base-pair involving the N6 and N7 of both bases. Each adenine base may also be contacted by a hydrogen bond from the side-chain of R134 from the opposite dimer (for example, the N e of R134 from monomer A is 3.72 A Ê from the N1 nitrogen of the adenine of the AcCoA bound by monomer C). These base-pairs and inter-dimer contacts involving the AcCoA may account for the stabilizing effect of AcCoA on tetramer formation observed by equilibrium sedimentation analysis. While other examples of oligormeric AcCoA-binding proteins exist (Engel & Wierenga, 1996) , this is, to our knowledge, the ®rst example of an oligomeric structure stabilized by base-pair interactions between AcCoA molecules.
The conformation of the base in the AcCoA bound by monomer A is the major difference between the four monomers in the Hpa2 tetramer. The conformation of protein side-chains, including those in the vicinity of the adenine bases is extremely similar (compare for example, the conformations of R100 and R134 in Figure 2 ). It seems probable that in solution all four adenine bases would be in the energetically more favorable anti conformation and that the tetramer would therefore be symmetrical. The syn orientation appears to be due to crystal packing forces as the local environment of the two base-pairs in the crystal lattice is different. The adenine ring of the AcCoA bound by monomer A is close to the N terminus of a monomer from an adjacent Hpa2 tetramer related by crystal symmetry, although a small space exists between them. Electron density for the ®rst few residues of this protein monomer is not visible, but it is clear from biochemical analysis that these residues exist in the crystal, presumably existing in multiple conformations. It is most likely that these residues occupy the space described above, leading to the exclusion of the anti conformation of the adenine base.
A common core fold for the catalytic domain of the GNAT superfamily
Comparison of the structure of Hpa2 with the structures of other GNAT superfamily members shows that they share a common structural fold around which a more variable repertoire of structures is built (Figures 4 and 5) (Modis & Wierenga, 1998) . This core fold features the four conserved sequence motifs of the GNAT family and comprises a central highly curved ®ve-stranded b-sheet (strands b1-b5 of Hpa2)¯anked on both sides by helical segments (helices a1 and a3 of Hpa2).
Comparison of RMSD values for superposition of the C a atoms of structurally equivalent residues with the degree of conservation between these proteins shows that they share a very similar core fold structure despite a low level of sequence identity (Table 3) . This is a feature of the GNAT family, which contains very few invariant residues (Neuwald & Landsman, 1997) . The degree of conservation of the four GNAT sequence motifs also varies considerably. Whereas motif A, the longest and most highly conserved motif, is universally, present, motifs B, C and D are not always identi®ed by the multiple alignment-database search program used to discover the GNAT family . Nearly all members contain a motif B and D, but motif C is often not identi®-able, for example in HAT members of the family (Neuwald & Landsman, 1997) . It is therefore useful to address these motifs individually and brie¯y describe the way in which they contribute to the common structural fold.
Motifs D and A
These motifs are the most similar in structure. Motif A forms a bab unit that contributes many of the most critical contacts to the AcCoA molecule. It also contains most of the residues that are invariant across the GNAT family, notably the motif f R AE(jjF p (obs)j À jF p (calc)jj)/AEjF p (obs)j. g R free R-factor for a selected subset (10 %) of the re¯ections that was not included in prior re®nement calculations.
Q/R-x-x-G-x-G/A (see below). This combination of structural and functional importance would explain why it is the most easily recognized and universally present motif. Although Motif D does not contribute any AcCoA binding residues it undoubtedly forms an important part of the framework of the structure. This makes it unlikely that it would be absent in some structures; it is more likely that it simply falls below the detection level employed in database searches.
Motif C
The structural comparison reveals that Hpa2 and Hat1 do in fact contain a structure similar to motif C of other GNAT superfamily members. Motif C of AAT, SNAT and AAC6 forms a strand-turnhelix unit (Figures 4 and 5) . This corresponds to strand b1 and helix a1 of Hpa2 or strand b11 and helices a6 and a7 of Hat1. Although structurally similar there is very little sequence similarity between Hpa2, Hat1 and the other proteins in this region (Figure 4 ) which would explain how it escapes detection in database searches. There is also some variation in the length and orientation of the helical segment of this motif, most notably for helices a6 and a7 of Hat1. However, a remarkable feature is that the C-terminal end of the helical segment occupies a very similar position with respect to the central sheet structure, forming one side of the channel occupied by the AcCoA molecule. In Hpa2, Hat1 and SNAT residues from the C-terminal end of this helix make contacts to the AcCoA. It is also interesting to note that comparison of the structure of SNAT with and without substrate reveals that this motif can undergo a dramatic conformational change upon binding a bisubstrate analog (Hickman et al., 1999b) . This does not appear to be the case with Hpa2 where the structure of this motif is unaltered upon binding AcCoA indicating a possible difference in conformational variability between GNAT members upon substrate binding.
Motif B
This is the most C-terminal motif, following immediately after the ®nal strand of the central sheet. There is a great deal of variation in the structure formed by this motif and it is therefore poss- ible that the apparent sequence conservation in this motif is purely coincidental and does not re¯ect a common structural origin (Wybenga-Groot et al., 1999) . Among the proteins considered in this comparison Hpa2, SNAT and AAC6 appear to be the most similar with respect to motif B.
A common function of the GNAT family members is to bind AcCoA and it appears that much of the common fold is involved in creating a stable cofactor binding platform. This is particularly true for motifs D and A, which would account for the invariance in the way that they contribute to the fold.
Motifs B and C may be more variable for a number of reasons. Firstly, they make up the more exterior portions of the catalytic domain and so could be in¯uenced by the need to interact with adjacent polypeptide domains. In Hat1 helices a6 and a7 of motif C are involved in interactions with the N-terminal domain of the protein ( Figure 5 ). In some GNAT family members the catalytic HAT domain is embedded in a much larger protein and would likely interact with other domains of the protein, possibly providing a way of regulating the activity of the HAT domain. Secondly, structural differences may be related to differences in the oligomeric states of GNAT superfamily members. In Hpa2 motif B makes up a large part of the dimer interface and the entire tetramer interface (Figure 4) . Wolf et al.(1998) observed that AAT also forms a dimer in the crystal lattice which involves motif B, but there are several differences in the nature of the Hpa2 and AAT dimers. Other members of the GNAT family have been shown to dimerize, such as spermidine/spermine NAT (Coleman et al., 1996) and ARD1, a protein NAT from yeast (Park & Szostak, 1992) .
Structural variation of motifs B and C may also re¯ect the diverse substrates of the GNAT superfamily. Motifs B and C, and the variable structure between motifs C and D, contribute to differences in architecture around the active site. In Hat1 and Hpa2 these regions contribute to a channel that could bind a histone substrate (Dutnall et al., 1998) while in AAT and AAC6 they contribute to the walls of an acidic slot which is a likely binding site for an aminoglycoside molecule (Wolf et al., 1998; Wybenga-Groot et al., 1999) . As noted previously, motif C of SNAT undergoes a conformational change upon substrate binding which helps to create a binding site for the substrate serotonin (Hickman et al., 1999b) .
A conserved mode of acetyl CoA binding
The conformation of the AcCoA bound by each monomer of Hpa2 and orientation with respect to the protein is virtually indistinguishable from that observed in the other structures of GNAT superfamily members. For example, if the structures of Hpa2 and Hat1 are superimposed using the common core structural fold, the RMSD for the AcCoA molecules (excluding the 3 H -phosphoribose and adenine base) is $0.3 A Ê , well within the expected coordinated error of each structure.
In Hpa2, as in the other structures, most of the hydrogen bonding interactions with the cofactor are highly conserved and made via main-chain groups rather than side-chains ( Figure 6 ). This would explain why these proteins bind cofactor in the same way despite the low degree of sequence conservation. The conserved main-chain contacts include those from the invariant Q/RxxGxG/A segment in motif A. This segment forms a loop prior to, and part of the ®rst turn of the helix of motif A (residues 100-104 of Hpa2). Most of the residues in this loop contribute to a network of hydrogen bond interactions with the a and b phosphate oxygen atoms via main-chain groups, which includes a conserved solvent molecule interaction ( Figure 6 ). We could not locate electron density for this loop (residues 96-104) in the structure of Hpa2 solved in the absence of cofactor, indicating that this region may only become structured upon cofactor binding. For many GNAT superfamily members mutation of even a single residue within this motif is suf®cient to drastically reduce or abolish enzyme activity (discussed by Dutnall et al., 1998; Wolf et al., 1998) . It therefore appears that this network of interactions is a critical determinant of AcCoA binding. 
Implications for catalysis in the GNAT family
The GNAT family does not contain a universally conserved residue that could be imagined to play a catalytic role. In the structures solved to date there is also no cysteine side-chain near to the acetyl group that could act as an intermediate acceptor in an acyl transfer mechanism. Instead it seems more likely that the acetylation reaction proceeds via a direct nucleophilic attack by the amino group of the substrate on the carbonyl carbon of the acetyl group. Each enzyme may facilitate catalysis by ordering the substrates for reaction and by promoting an appropriate charge state on the amino group to be modi®ed.
A central problem for GNAT family members is the high pK a value of the substrate amino group, requiring the enzyme to deprotonate this at some stage prior to acyl transfer. For Hat1, AAT, and AAC6 the protein surface in the vicinity of the acetyl group has a negative electrostatic potential (Dutnall et al., 1998; Wolf et al., 1998; WybengaGroot et al., 1999) . In principal this would favor a positive charge on the amino group and so for each of these proteins a mechanism may exist to transfer a proton from the amino group during substrate binding. Support for this comes from the structure of the SNAT-bisubstrate analog complex where a chain of solvent molecules runs from the active site to bulk solvent via a pair of histidine residues (Hickman et al., 1999b) . Hickman et al. (1999b) propose that this could act as a sink or a conduit to transfer charge away from the substrate. In Hat1 and other enzymes it is possible that acidic side-chains in the vicinity of the active site could also play a role in proton transfer. For Hpa2 the situation seems more clear cut in that the protein surface around the active site is characterized by a positive electrostatic potential (Figure 7(a) ), which would favor an uncharged state. Two conserved features of the GNAT superfamily may help catalysis. Firstly, in each structure there are a number of main-chain carbonyl groups without hydrogen bonding partners in the active site. These could act in a proton transfer pathway either directly or by helping to locate water molecules. Secondly, there is a small hydrophobic pocket around the acetyl group. Once the amino group is deprotonated this pocket would then stabilize the neutral charge while the substrate is bound to the enzyme.
Hpa2 shows similarity with SNAT with respect to the positioning of a tyrosine side-chain within hydrogen bonding distance of the sulfur atom of CoA. Tyr168 of SNAT may play a role in the reprotonation of the thiolate leaving group and mutagenesis of this residue has a dramatic effect on the activity of SNAT (Hickman et al., 1999b) . In Hpa2, Tyr139 is positioned in a very similar fashion, suggesting that it too may play a role in catalysis.
Comparison of the sequences of the GNAT superfamily members described here shows that ®ve of them have a tyrosine at this position (Figure 4 ). In the structure of AAC6, Tyr147 is also within hydrogen binding distance of the sulfur atom. However, Tyr157 of AAT is not positioned appropriately, although it cannot be ruled out that it would be so after substrate binding or that the difference is because this structure contains CoA Figure 6 . Conservation of Hpa2-AcCoA interactions. Schematic representation of Hpa2-AcCoA contacts highlighting conservation with other GNAT superfamily members. The AcCoA molecule is shown stretched out for clarity with contacts indicated by arrows (hydrogen bonds) or concentric semi-circles (hydrophobic contacts). Contacts that are highly conserved with the other GNAT superfamily member structures are boxed. The asterisk indicates a contact from a second Hpa2 monomer. rather than AcCoA. In Hat1 the corresponding residue is Arg265, but this also points away from the sulfur atom. It is therefore possible that as with the earlier steps of the reaction, GNAT superfamily members can use alternative mechanisms to reprotonate the CoA.
Implications for substrate binding and histone acetylation by Hpa2
In vitro Hpa2 can acetylate histones H3 and H4 at speci®c lysine residues (Lys4 and Lys14 of histone H3; Lys5 and Lys12 of histone H4) with a preference for Lys14 of histone H3. Examination of the structure of Hat1 led us to propose a model for histone substrate binding, which could account for its observed speci®city (Dutnall et al., 1998) . A channel of varying width and depth crosses the surface of the Hat1 protein, which can accommodate a six to seven residue peptide in an extended conformation. A possible peptide binding channel is also visible on the surface of Hpa2 (Figure 7 ). Hpa2 and Hat1 differ in the region of the active site that has potential consequences for substrate binding. The architecture of Hpa2 creates a pocket adjacent to the active site, which is closed off on two sides by the second Hpa2 monomer in each dimer (Figure 7(a) ). This pocket places restriction on the conformation of a polypeptide backbone in the vicinity of the active site. It is therefore possible that Hpa2 is able to discriminate between potential substrates via an``indirect read-out'' mechanism whereby the only lysine side-chains that can enter the active site are those where the surrounding polypeptide can adopt a conformation that can ®t into the pocket.
As described in the Introduction Hpa2 shares a high degree of sequence similarity with another yeast protein, Hpa3, which means that the structure of an Hpa3 monomer will be very similar to that of Hpa2 (Figure 4) . However, unlike Hpa2, Hpa3 is barely able to acetylate histones and therefore residues that are not conserved between these proteins are potentially involved in substrate speci®city. Consistent with this, it is noticeable that non-conserved surface residues map mostly to the same face of the protein as the active site (Figure 7(b) ). These differences, as well as possible subtle differences in the orientation of the monomers (such as observed for Hpa2 and AAT) may change the architecture of the active site such that histone binding by Hpa3 is precluded. Structural analysis of Hpa2-peptide complexes and of Hpa3 will be required to investigate this further.
The tetrameric structure of Hpa2 has consequences for peptide binding which distinguish it from monomeric enzymes such as Hat1. Firstly, the walls of the pocket around each active site are contributed by both monomers of an Hpa2 dimer. It is therefore likely that both subunits will provide substrate binding residues. Secondly, two active sites are exposed on each of the square faces of the Hpa2 structure. The direct linear distance between these active sites is approximately 34 A Ê . Hpa2 can acetylate Lys4 and Lys14 of histone H3 or Lys5 and Lys12 of histone H4. Thus it is at least conceivable that for histone H3 a single tail could span the two active sites so that Lys4 and Lys14 could be acetylated simultaneously. However, the general architecture of Hpa2 makes us believe that this is an unlikely scenario.
It is more likely that Hpa2 could coordinately modify lysine residues in two separate histone tails. Histories H3 and H4 form a heterotetrameric structure in the nucleosome or under physiological conditions in the absence of DNA (van Holde, 1989) . The arrangement of the Hpa2 tetramer and the structure of the nucleosome (Luger et al., 1997) makes it unlikely that Hpa2 could modify all four of the histone H3 and histone H4 tails. However, it is quite conceivable that Hpa2 could modify both histone H3 tails, or both histone H4 tails, or a histone H3 and a histone H4 tail. The Hpa2 structure therefore illustrates a possible mechanism for ensuring that both copies of a particular histone in a nucleosome are modi®ed in the same way. It also illustrates how a modi®cation of histone H3 could be linked to a modi®cation of histone H4. Furthermore it illustrates how modi®cations of two or more separate nucleosomes could be coordinated. Such coordinated modi®cations could play a role in transcriptional activation, chromatin assembly or the inheritance of particular chromatin states.
Concluding remarks
The structure of Hpa2 illustrates that the highly conserved GNAT catalytic fold is ideally suited to forming dimeric and tetrameric structures. For Hpa2 a tetrameric structure is stabilized surprisingly by base-pair interactions between bound AcCoA molecules. Formation of a tetrameric structure has consequences for mechanisms of substrate binding and for possible allosteric regulation of enzyme activity. Future structural studies of substrate complexes of these enzymes, as well as other representative members, promise to yield further insights into the remarkable diversity of the GNAT family.
Materials and Methods

Protein expression and purification
Hpa2 was overexpressed in Escherichia coli strain BL21(DE3) using the T7 polymerase expression system (Studier et al., 1990) . Selenomethionine-substituted protein was produced by using the E. coli methionine auxotrophic strain B834(DE3) grown in a de®ned medium containing seleno-L-methionine as described previously (Ramakrishnan et al., 1993) . Protein was puri®ed from soluble extracts through a combination of anion exchange, hydroxyapatite and gel-®ltration chromatography. The protein was dialyzed into 5 mM Hepes (pH 7.8), 100 nM NaCl, 1 mM DTT and concentrated to 20 mg/ml.
Equilibrium sedimentation
Equilibrium sedimentation analysis was carried out using a Beckman XL-A analytical centrifuge. Samples were spun at 22,000 rpm at 20 C and monitored by scanning at 280 and 360 nm. Absorbance pro®les were compared at different times to verify that the samples had reached equilibrium. Eight different data sets were collected in the absence of AcCoA at protein concentrations ranging from 400 mg/ml to 40 mg/ml in 5 mM Hepes (pH 7.8), 50 mM NaCl. These data sets were globally ®t to a dimer/tetramer model using non-linear least squares analysis (McRorie & Voelker, 1993) . To test the effect of AcCoA, four data sets were collected using a 1:1 molar ratio of Hpa2 monomer: AcCoA and protein concentrations from 180 mg/ml to 40 mg/ml. AcCoA was included in the reference cell at the same concentration as in the sample cell. These data sets were globally ®t to a single species model. In both cases solvent density was measured to be 1.004 g/ml and the partial speci®c volume was estimated to be 0.732 ml/g based on amino acid composition (McRorie & Voelker, 1993) . We also subtracted the absorbance measured at 360 nm to correct for aberrations in the sample cell. The presence of Hpa2-AcCoA binding equilibria results in an uneven distribution of AcCoA in the sample cell which cannot be mimicked in the reference cell under the conditions of this experiment. Also AcCoA absorbs UV radiation signi®cantly at the wavelength used to monitor protein, which means that the AcCoA binding equilibria cannot be removed by adding a vast excess of cofactor.
Crystallization and data collection
Prior to crystallization, Hpa2 protein (10 mg/ml) was incubated with a twofold molar excess of AcCoA at room temperature for one hour in 5 mM Hepes (pH 7.8), 50 mM NaCl, 1 mM DTT. Crystals were grown at 4 C by hanging drop vapor diffusion against 8 % (w/v) PEG4000, 0.1 M Mes (pH 6.9), 15 M Ca(CH 3 CO 2 ) 2 . For analysis crystals were transiently soaked in cryoprotectant solutions containing 8 % PEG4000, 0.1 M Mes (pH 6.0), 15 M Ca(CH 3 CO 2 ) 2 , twofold molar excess of AcCoA, and increasing concentrations of PEG400 (up to 30 %), and¯ash-frozen in liquid nitrogen. Crystals of Hpa2 in the absence of AcCoA were grown by hanging drop vapor diffusion against 15 % PEG4000, 0.1 M Tris (pH 8), 0.15 M Ca(CH 3 CO 2 ) 2 , 20 % (v/v) glycerol at 4 C and frozen directly in liquid nitrogen.
MAD data sets were collected on single crystals of selenomethionine-substituted Hpa2 or Hpa2 AcCoA at the Brookhaven National Laboratory Synchrotron Light Source on beamlines X12-C and X25. The crystals were maintained at 100 K using an Oxford Cryostream and data were collected in 1 oscillations. For the Hpa2 AcCoA crystal data sets were collected at four wavelengths in single sweeps: l1 was the in¯ection wavelength at 0.9803 A Ê , l2 was at the K-edge of selenium at 0.9801 A Ê , and l3 and l4 were remote wavelengths (0.93 A Ê and 1.10 A Ê , respectively). For the Hpa2 crystal three data sets were collected at the selenium in¯ection (l1), K-edge (l2) and a remote wavelength (l3). Data were processed using the programs DENZO and SCA-LEPACK (Otwinowski & Minor, 1997) .
Structure determination and refinement
The MAD data were phased using the program SOLVE (Terwilliger & Berendzen, 1999) . These phases were used to calculate electron density maps using the CCP4 program suite (Collaborative Computational Project Number 4, 1994) which were solvent¯attened using SOLOMON (Abrahams & Leslie, 1996) with a calculated solvent value of 55 %. Model building was carried out using the program O (Jones et al., 1991) . For the Hpa2-AcCoA complex re®nement was carried out against the l4 data from 6.0-2.4 A Ê using the program XPLOR (Bru È nger, 1996) . After an initial round of positional, restrained individual B-factor and torsion angle re®ne-ment, the four AcCoA molecules were placed in the model followed by rounds of positional, restrained individual B-factor and simulated annealing interspersed with inspection of 2F o À F c and F o À F c maps and manual adjustment as necessary. In all calculations, Bijvoet pairs were kept separate and the anomalous scattering terms of selenium were included in the calculation of structure factors. Solvent molecules were built into the model on the basis of observable electron density and reasonable hydrogen bonding partners but only retained if they re®ned with a B-factor lower than 60 A Ê 2 . In the ®nal round of re®nement, all data from 20.0-2.4 A Ê were included after applying a bulk solvent correction. Re®ne-ment of the structure of Hpa2 alone proceeded as for the Hpa2-AcCoA complex with the exception that it used data to 2.9 A Ê and no solvent molecules were included.
Protein Data Bank accession number
Coordinates for the Hpa2 structures described here have been deposited with the Protein Data Bank with accession codes 1QSM (Hpa2 AcCoA) and 1QSO (Hpa2 alone).
